It is generally accepted that young worker bees (Apis mellifera L.) are highly attracted to queen mandibular pheromone (QMP). Our results challenge this widely held view. We have found that unless young workers are exposed to QMP early in adult life, they, like foragers, avoid contact with this pheromone. Our data indicate that responses to QMP are regulated peripherally, at the level of the antennal sensory neurons, and that a window of opportunity exists in which QMP can alter a young bee's response to this critically important pheromone. Exposing young bees to QMP from the time of adult emergence reduces expression in the antennae of the D1-like dopamine receptor gene, Amdop1. Levels of Amdop3 transcript, on the other hand, and of the octopamine receptor gene Amoa1, are significantly higher in the antennae of bees strongly attracted to QMP than in bees showing no attraction to this pheromone. A decline in QMP attraction with age is accompanied by a fall in expression in worker antennae of the D2-like dopamine receptor, AmDOP3, a receptor that is selectively activated by QMP. Taken together, our findings suggest that QMP's actions peripherally not only suppress avoidance behavior, but also enhance attraction to QMP, thereby facilitating attendance of the queen.
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dopamine ͉ honeybee ͉ olfaction ͉ pheromone S ocial insect colony integration and communication have fascinated scientists for centuries. Honey bees make sophisticated use of chemical signals for communication, and of these signals, queen mandibular pheromone (QMP) is among the best understood (1, 2) . QMP is a complex chemical blend that is used, among other things, to entice workers to feed and groom the queen (1Ϫ3) (Fig. S1 ). As they do so, attendant bees pick up QMP on their antennae, body, and mouthparts and spread the pheromone throughout the colony as they exchange food with their nest mates. It is through these direct and indirect contacts that the queen signals her presence to the colony as a whole (4) . The queen's ability to elicit retinue behavior in young workers is central to her survival and may be enhanced by her influence on aversive learning in young worker bees (5) . We have recently shown that homovanillyl alcohol (HVA), one of QMP's key components, interferes with dopamine signaling in the brain (6) , signaling that is essential in insects for the formation of aversive olfactory memories (7) (8) (9) (10) (11) . In young bees exposed to QMP or HVA alone, aversive learning is blocked (5) . It has been suggested that QMP's effects on aversive learning may serve to prevent young workers that attend the queen from forming an association between the queen and any unpleasant effects of her pheromone (5) . QMP in high doses, for example, is reported to be repellent to bees (12, 13) and can make workers aggressive (14, 15) . But if the high doses of QMP experienced by attendant workers are unpleasant, why are young bees attracted at all to this pheromone? Here we show that attraction to QMP is regulated peripherally, at the level of the antennal sensory neurons, and that only bees exposed to QMP from the time of adult emergence exhibit strong attraction to this pheromone.
Results
Numerous studies report that responsiveness to QMP is highly variable (14) (15) (16) (17) (18) (19) , but why this is so remains a mystery. To address this issue, we began by comparing the responses of individual bees toward a strip impregnated with synthetic QMP and a control (untreated) strip of the same dimensions. Bees of known age collected from a queen-right colony were placed in a behavioral arena divided into four concentric sectors. The strip, with or without QMP, was placed in the center of the arena and the strip tested first was randomized. The bee's response to each strip was recorded by noting the sector in which the bee was located every 20 s over a 4-min period. Contacts between the bee's body and the strip were also noted.
Responsiveness to QMP is strongly age-dependent ( Fig. 1 , see also [14] [15] [16] [17] [18] [19] . However, the inclusion of control strips in this study helped to reveal whether bees responded neutrally to QMP, or were attracted or repelled by the pheromone. Of the age groups tested, 2-day-old bees were most strongly attracted to QMP. Two-day-old bees showed little interest in the control strip, but as soon as the QMP-impregnated strip was placed in the arena they moved to the center and remained close to the strip (Fig.  1 A) . For statistical purposes, we compared the area of the dish occupied by bees under the two conditions. Because 2-day-old bees remained in the center, close to the strip if it was impregnated with QMP, they occupied a significantly smaller area of the dish when the QMP strip was in the arena than when the control strip was presented (Fig. 1B) . Two-day olds also contacted the strip significantly more if it was impregnated with QMP (Fig.  1C) . The same was not true for 6-day-old bees. Six-day olds showed no particular interest in either the control strip or the QMP strip ( Fig. 1 A-C ). They were recorded with similar frequency in all sectors of the dish ( Fig. 1 A and B) and made relatively few contacts with either strip (Fig. 1C) . We expected the responses of foragers toward QMP to be similarly neutral, but instead found their responses to be strongly pheromonedependent.
Bees of Foraging Age Are Repelled by QMP. When the QMP strip was placed in the center of the arena, foragers moved to the periphery (Fig. 1) . However, as soon as the QMP strip was replaced with the control strip, their tendency to occupy the periphery disappeared (Fig. 1 A) . In contrast to 2-day-old bees, foragers occupied a significantly larger area of the dish when the QMP strip was being tested (Fig. 1B) and like 6-day-old bees, they made few contacts with either the QMP strip or the control strip (Fig. 1C) . These results suggest that foragers are repelled by QMP, a behavior reported only in African subspecies of Apis mellifera (12, 13) . To examine QMP's effects more closely, a This article is a PNAS Direct Submission. 1 V.V. and H.J.M. contributed equally to this work. 2 To whom correspondence should be addressed. E-mail: alison.mercer@stonebow. otago.ac.nz.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0907563106/DCSupplemental. video camera was used to track the movements in the arena of 2-day-old bees and foragers. Information about each bee's movements was extracted by digital image analysis of the video frames. The video clips revealed the immediate impact of QMP's effects ( Fig. 2A) . The mean distance traveled by 2-day-old bees appeared to be affected by the pheromone but more surprisingly, we found that their mean maximum speed was significantly reduced ( Fig. 2 B and C) . Similar trends were apparent also in foragers ( Fig. 2 B and C) , but foragers actively avoided the QMP strip, spending significantly less time overall in the center of the arena when the QMP strip was presented (Fig. 2D) . How can the immediacy of the pheromone's effects be explained?
Responses to QMP Are Peripherally Regulated. One of QMP's key components, homovanillyl alcohol (HVA), selectively activates the D2-like dopamine receptor, AmDOP3 (20) . Although it is known that AmDOP3 receptors are expressed in the brain (21), we examined the possibility that this QMP-activated receptor may be expressed also in the antennae of the bee. As octopamine and tyramine, acting at the level of the antennal sensory neurons, can also alter sensitivity to odor cues in insects (22-26), we looked not only for Amdop3, but also for expression of the dopamine receptor genes Amdop1 and Amdop2 (27, 28) , the octopamine receptor gene, Amoa1 (29) , and the tyramine receptor gene, Amtyr (30) . Transcript levels in the antennae and brains of 2-day-old bees showing strong attraction to QMP were compared with levels detected in 2-day-old bees that showed little or no attraction to this pheromone (SI Text and Fig. S2 ). We found no correlation between levels of amine-receptor gene expression in the brain and responsiveness to QMP (Fig. S3 ). In the antennae, however, transcript levels for Amoa1 and Amdop3 were significantly higher in bees strongly attracted to QMP than in bees showing no attraction to this pheromone (Fig. 3A) .
Activation of AmDOP3 receptors, either by dopamine or by the QMP component, homovanillyl alcohol, inhibits accumulation of the intracellular signaling molecule, cAMP (20, 21) , an effect that is likely to inhibit signaling via the D1-like dopamine receptors, AmDOP1 and AmDOP2. Dopamine signaling in the antennae could potentially be further inhibited by QMP-induced changes in levels of dopamine receptor gene expression. To explore this possibility, RNA was extracted from the antennae of workers that had been exposed to QMP for 2 days from the time of adult emergence and from controls of the same age that had not been exposed to this pheromone. Expression of only one of the genes examined in this study was affected significantly by prolonged exposure to QMP; Amdop1 transcript levels were Bees showing a preference for the center of the arena occupied a smaller area than bees preferring the periphery. Two-day-old bees occupied a significantly smaller area of the arena when tested with the QMP strip than the control strip (Top, t ϭ 5.03; P Ͻ 0.0001), whereas foragers occupied a significantly larger area when the QMP strip was presented (Bottom, t ϭ 5.26, P Ͻ 0.0001). Six-day-old bees showed no preference (Middle). (C) Two-day-old bees contacted the strip significantly more frequently if it was impregnated with QMP (t ϭ 2.8, P Ͻ 0.01), whereas 6-day-old bees and foragers showed no preference for either strip. Data are means Ϯ SEM. n ϭ 20 in each group. Asterisks highlight significant differences between groups.
significantly lower in the antennae of bees exposed since adult emergence to QMP than in controls that had not been exposed to the pheromone (Fig. 3B) . How might this influence responsiveness to QMP, and what is the significance of the high levels of expression of Amoa1 and Amdop3 in bees strongly attracted to this pheromone?
There is a growing body of evidence that octopamine enhances sensitivity to pheromone cues by modulating the activity of olfactory receptor neurons in insects (23) (24) (25) (26) , and compelling evidence also that the positive reinforcing properties of appetitive stimuli are conveyed, at least in part, by octopaminereleasing neurons (7, (31) (32) (33) . The negative reinforcing properties of aversive stimuli, on the other hand, are conveyed in insects by dopamine-releasing neurons (7, 8) . One possibility, therefore, is that high levels of octopamine receptor gene expression in the antennae enhance signaling of the attractive qualities of QMP, thus promoting attraction to this pheromone. Using a similar line of argument, QMP-induced suppression of dopamine signaling at the level of the antennal sensory neurons may serve to enhance attraction to QMP by reducing the bee's sensitivity to components of this complex blend that are unattractive. Considering these possibilities led us to examine age-related changes in the expression of both Amdop3 and Amoa1. We reasoned that if attraction to QMP is reliant on high levels of expression in the antennae of either, Amoa1 or Amdop3, then the decline in QMP responsiveness with age ( Fig. 1) might be accompanied by a fall in expression of one or both of these modulatory receptor genes. Our observations support this hypothesis. While Amoa1 mRNA levels in the antennae were very variable and not clearly agedependent (Fig. 4A) , levels of Amdop3 transcript in the antennae, initially high, dropped significantly during the first week of adult life (Fig. 4B) . Changes in the expression of Amdop3 show a striking correlation with shifts in responsiveness to QMP suggesting that this QMP-activated receptor plays a central role in mediating responses to the pheromone and that a window of opportunity exists for the queen to suppress avoidance behavior and enhance the attractiveness of her pheromone by blocking dopamine signaling at the level of the antennal sensory neurons. To what extent does this depend on prolonged exposure to QMP?
Prolonged Exposure Changes Responses to QMP. Our hypothesis that QMP itself is responsible for regulating the responses of young workers to this pheromone makes an important prediction; bees Mean distance traveled tended to be lower when bees were presented with the QMP strip, particularly in 2-day-old bees (t ϭ 2.16, P ϭ 0.059). (C) Two-day-old bees also exhibited a significantly lower mean maximum speed when presented with the QMP-strip vs. the control strip (t ϭ 3.02, P Ͻ 0.02). The mean maximum speed of foragers was not affected significantly by the pheromone. (D) Forager bees spent significantly less time in the center of the arena when the QMP-strip was placed there (t ϭ 3.16, P Ͻ 0.05). This was not true of 2-day-old bees, some of which were highly attracted to the pheromone. Data are means Ϯ SEM. n ϭ 10 in each group. Asterisks highlight significant differences between groups.
exposed to QMP from the time of adult emergence should respond to the pheromone differently to bees that have not been exposed before to QMP. To test this hypothesis, we compared the QMP responsiveness of 2-, 4-, and 6-day-old bees exposed from the time of adult emergence to QMP with responses of bees of the same age, maintained under the same conditions but without exposure to the pheromone. Foragers from the parent colony were included as a control. The frequency of contacts with a QMP-impregnated strip vs. a control strip was used to gauge attraction to the pheromone. Of the groups tested, 2-day-old bees were most strongly attracted to QMP, but only if they had been exposed to the pheromone since adult emergence (Fig. 5A, black bar) . Bees of the same age that had not been exposed before to QMP contacted the QMP strip significantly less frequently (Fig. 5A , black bar with cross hatching). This was true also of 4-day-old bees ( Fig. 5B) , and a similar trend was apparent in 6-day-old bees (Fig. 5C ). Pooling of data highlights Fig. 3 . Expression of amine-receptor genes in the antennae of 2-day-old bees. (A) Transcript levels in bees strongly attracted to QMP (bars with crosshatching, n ϭ 9) expressed relative to the levels observed in bees showing no attraction to the pheromone (bars without cross-hatching, n ϭ 7). All bees used in these experiments had been exposed since adult emergence to QMP. Transcript levels for the octopamine receptor gene, Amoa1, and the dopamine receptor gene, Amdop3, are significantly higher in bees showing strong attraction to QMP (Amoa1 t ϭ 3.417; P Ͻ 0.004; Amdop3 t ϭ 2.108, P Ͻ 0.054). (B) Relative expression levels in bees exposed since adult emergence to QMP (black bars, n ϭ 5) and in bees not exposed to the pheromone (white bars, n ϭ 5). Treatment with QMP reduced significantly the levels of expression of the D1-like dopamine receptor gene, Amdop1 (t ϭ 2.301, P Ͻ 0.05). Data are means Ϯ SEM. Frequency of contacts observed in 2-, 4-, and 6-day-old bees exposed to QMP from the time of adult emergence (QMPϩ) compared with bees of the same age that had not been exposed previously to QMP (QMP-). Letters above the bars indicate differences between groups. Groups that share a letter are not significantly different. Two days: F ϭ 3.04, P Ͻ 0.05; Four days F ϭ 7.36, P Ͻ 0.001; Six days F ϭ 1.46, NS. n ϭ 20 in each group. (D and E) Responses of young bees reared without QMP treatment (D, data for 2-to 6-day-old bees pooled) resemble the responses exhibited by foragers (n ϭ 20) from the same colony (E); both groups contact the strip impregnated with QMP significantly less than the control strip (young bees t ϭ 2.71, P ϭ 0.008; foragers t ϭ 5.23, P Ͻ 0.0001). Data are means Ϯ SEM. Asterisks highlight significant differences between groups.
an important trend. Young bees that had not been exposed previously to QMP contacted the QMP strip significantly less frequently than the control strip (Fig. 5D) , a response similar to that of foragers (Fig. 5E) .
Taken together, these results indicate that exposure to QMP from the time of adult emergence has a significant impact on worker bee responses to this pheromone. Interestingly, responses to other pheromones may be similarly affected by QMP. Keeling and colleagues identified four compounds from sources other than the mandibular glands of the queen that contribute to retinue attraction. They report that alone or in combination the compounds identified were inactive, they elicited attraction only in the presence of QMP (34) .
Discussion
The consequences of QMP's ability to change worker bee perception of this and potentially other pheromones are likely to be profound, both in terms of colony dynamics and for the survival of the queen. A queen bee relies on QMP to entice workers to feed and groom her and to distribute her pheromones throughout the colony (1-3), but our study reveals that unless bees have been exposed to QMP from the time of adult emergence they tend to avoid contact with the pheromone. What might the adaptive value of this be? In terms of colony dynamics, it may be more effective (and possibly easier) for the queen to suppress avoidance behavior and enhance QMP attraction in young bees than to try to control a whole colony of workers attracted to QMP. Excessive attention and crowding could be problematic for a laying queen. But why then do some young bees show strong attraction to QMP? Two factors seem to be critical: exposure to QMP from the time of adult emergence, and high levels of expression in the antennae of the D2-like dopamine receptor, AmDOP3. Based on these results, and our recent finding that QMP activates the D2-like dopamine receptor, AmDOP3 (20), we propose that chronic activation of AmDOP3 receptors in the antennae blocks transmission of information about the aversive qualities of QMP, an effect that is likely to be enhanced by QMP-reduced expression peripherally of the D1-like dopamine receptor, AmDOP1. Interestingly, young workers strongly attracted to the queen have high levels of expression in their antennae not only of Amdop3, but also the octopamine receptor, AmOA1, a receptor that might enhance signaling of the attractant qualities of the QMP blend. A strong genetic component to QMP responsiveness has been identified in ref. 19 and helps explain the variability that exists in responsiveness to the pheromone, at both the individual and colony level (35) . Our model would predict, however, that a bee's threshold for retinue behavior will depend not only on levels of Amdop3 or Amoa1 expression in the antennae, but also the levels of QMP to which a bee has been exposed from the time of adult emergence.
Consistent with the hypothesis that AmDOP3 receptors play a central role in regulating responses to QMP, our results show that the decline in QMP attraction with age coincides with a fall in levels of Amdop3 expression in the antennae early in the adult lifetime of the bee. Interestingly, strong attraction to QMP in this study was identified only in 2-day-old bees, whereas earlier reports suggest that bees 1 week of age or older can show strong attraction to this pheromone (1) . This most probably reflects differences in methods used to identify attraction to QMP. The inclusion of control strips in this study revealed that bees respond to a novel object in the arena even if it does not contain QMP. Indeed, our results suggest that this interest in novel objects increases with age ( Figs. 1 and 4) . Bees 4 and 6 days of age exposed to QMP from the time of adult emergence were not strongly attracted to QMP, but neither did they avoid contact with the pheromone, presumably because aversive learning in these young workers is blocked by HVA (5). In the absence of a control strip this relatively neutral behavior could be interpreted as attraction to QMP, especially compared to the behavior of foragers that actively avoid contact with the pheromone.
It is intriguing that in bees, as in many mammals (36, 37) , social interactions between a mother and her offspring involve a shift in behavior from avoidance to approach. That this shift involves dopamine signaling is reminiscent also of the situation in mammals (36, 37) . Our results reveal, however, that queen pheromone in bees affects dopamine signaling not only in the brain (6), but also at the level of the primary sensory neurons.
Materials and Methods
Behavioral Assessment of Responses to QMP. Worker bees (A. mellifera) of known age were collected as described elsewhere (5) . Unless noted otherwise, bees were collected from a queen-right colony. Synthetic QMP was obtained from PheroTech in the form of commercially available strips (BeeBoost). The strips were cut into 1-cm lengths each containing approximately two queen equivalents (38) . An untreated plastic strip of the same dimensions was used as a control. Responses were examined using a behavioral arena consisting of a Petri dish divided into four concentric sectors (Fig. S2) . The responses of each bee to a QMP-impregnated strip vs. a control strip placed in the center of the arena were compared. A bee's response to a given strip was assessed by recording the sector in which the bee was located every 5 s or 20 s over a 4-min period. Contacts between the bee's body and the strip were also recorded. For graphical purposes, the percentage of total counts in each sector was divided by the sector area (percentage of total counts/cm 2) and plotted against distance from the QMP strip or the control strip. For statistical purposes, the ''area occupied'' was calculated by multiplying each sector area by the number of times a bee was recorded in that sector, then taking the sum of the scores for all sectors. A bee spending most of its time in the center of the dish will have a lower overall score than a bee that spends most of its time in the periphery. Paired t tests were used to compare the area occupied by bees in the presence of a QMP strip vs. a control strip, and to compare the frequency of contacts with each strip.
Video Assessment of Responses to QMP.
A high-speed video camera (Fastec Troubleshooter 1000 HR) was used to track the movements of 2-day-old bees and foragers. Bees presented with a QMP-impregnated strip vs. a control strip were monitored over a 3-min period for each treatment. Image sequences were captured as digital video files. The images were analyzed by custom software written in MATLAB (The Mathworks Inc.). Each video frame is a 640 ϫ 480 pixel image filled by the Petri dish, giving an approximate 0.3-mm resolution for individual pixels. The dish was illuminated from below so that the bee appeared as a silhouette. The location and orientation of the silhouette in each frame was determined by 2-D convolution of the image with a mask. The bee's location in each frame was recorded as (x,y) coordinates calibrated in cm. From these trajectory data we calculated the instantaneous velocity between frames and the proportion of time spent in each sector of the arena. Effects of QMP on the mean distance a bee traveled Ͼ3 min, the mean maximum speed reached by each bee, and the percentage of time each bee spent within 2 cm of the center of the Petri dish (where a QMP-impregnated strip or control strip was located) were extracted from the data. Paired t tests were used to compare responses to the two different treatments (with or without QMP).
Analysis of Amine-Receptor Gene Expression Levels Using Quantitative PCR. For antennal samples, only the antennal flagellum of each antenna was collected. Each sample contained 10 pairs of antennae. The brain was removed from the head capsule as described elsewhere (6) . Each brain sample contained a single brain. Methods used for extraction of total RNA and quantitative PCR are described in SI Text, and qPCR assay parameters are provided in Table S1 . Transcript levels were normalized using ribosomal 18S as a reference gene and expressed relative to the levels recorded in control groups.
Comparisons were made of transcript levels in bees strongly attracted to QMP and in bees showing no attraction to the pheromone. Bees used in these experiments were collected from a queen-right hive. Selection of bees showing strong attraction to QMP is described in the SI Text. Transcript levels in bees exposed since adult emergence to QMP vs. bees not exposed to the pheromone were also compared, as were transcript levels in bees of different ages. Workers were exposed to QMP from the time of adult emergence as described in ref. 5 . Controls were maintained under identical conditions but without exposure to QMP. For pairwise comparisons, unpaired t tests were used. To analyze the significance of differences in transcript levels between multiple age groups, nonparametric analysis of variance (Kruskal-Wallis test) was used.
Effects of Prolonged Exposure to QMP. Frequency of contacts (contacts/bee/ min) with a QMP strip vs. a control strip was assessed in 2-, 4-, and 6-day-old bees, as well as in foragers. Four independent groups of bees were assayed for each age group: (i) bees exposed to QMP from the time of adult emergence tested with a QMP strip; (ii) bees exposed to QMP from the time of adult emergence tested with a control strip; (iii) bees that had received no prior exposure to QMP tested with a QMP strip; and (iv) bees that had received no prior exposure to QMP tested with a control strip. One-way ANOVA was used to compare responses across the four groups and post hoc comparisons (Newman-Keuls tests) were carried out where appropriate. Two groups of foragers from the same colony were also examined. One group was tested with the QMP strip, the other with the control strip. Unpaired t tests were used to compare responses in these groups.
